Semi-interpenetrating polymer network (semi-IPN) gels have been synthesized using a hydrosilylation reaction of 1,3,5,7-tetramethylcyclotetrasiloxane (TMCTS) as a joint molecule, and ,-nonconjugated dienes, 1,5-hexadiene (HD) or 1,9-decadiene (DD) as linker molecules in the presence of polystyrene (PS) as a liner polymers in toluene or cyclohexane. Network structure, mesh size and mesh size distribution, of the resulting semi-IPN gels was quantitatively characterized by means of a scanning microscopic light scattering (SMILS). The relaxation peaks derived from three kinds of structures were detected in the semi-IPN gels prepared in toluene by the SMILS analysis. One was derived from the mesh formed by TMCTS/,-nonconjugated dienes about 1-2 nm. Others were derived from transition networks about 20-150 nm and large clustered liner polymer chains about 700-2300 nm. Effect of concentration and molecular weight of the liner polymer on the network structure of the semi-IPN gels in toluene was investigated. The relaxation peaks derived from transition networks or random coils formed by aggregated PS chains were detected in the semi-IPN gels containing high concentration or high molecular weight PS. The semi-IPN gels containing PS were also prepared in cyclohexane as a poor solvent for PS at 40º C, which was a higher temperature than the upper critical solution temperature (UCST = 34º C) of PS in cyclohexane. The network structure of the semi-IPN gels was traced by SMILS on the cooling process. In the semi-IPN gel with the short linker molecule of HD, the relaxation peak derived from clustered PS chains was detected over the UCST. By contrast, the relaxation peak derived from transition network was observed in the semi-IPN gel with the long linker molecule of DD.
Introduction
Organic-inorganic hybrid polymers having network structures have been developed due to their characteristic properties: high transparency, high thermal stability, good mechanical strength, excellent solvent resistance, low dielectric constant, and so on. The organic-inorganic hybrid polymers have been prepared by some effective methods (Mark et al., 1995; Mascia, 1995; Novak, 1993; Provatas et al., 1997; Laine et al., 1998; Vaia et al., 1996; Sogah et al., 1999; Saegusa et al., 1991; Landry st al., 1993; Yamada et al., 1997; Chujo et al., 2003; Laine et al., 2003; Galiastsatos et al., 2001) . Hydrosilylation reaction of multi-functionalized crosslinking reagents containing Si-H or vinyl group is one of the effective methods to yield the organic-inorganic network polymers containing Si (Yoshida et al., 2004 (Yoshida et al., , 2001 Tsumura et al., 1998 Tsumura et al., , 1999 Michalczyk et al., 1993; Lercher et al., 2002; Laine et al., 1998; Schaefer et al., 2003) . The authors recently attained effective synthesis of organic-inorganic hybrid gels by means of a hydrosilylation reaction of cyclic siloxane or cubic silsesquioxane with ,-nonconjugated dienes. Characterization of the network structures of the gels was quantitatively investigated by a scanning microscopic light scattering (SMILS) system (Naga et al., 2006) . The SMILS analysis of the gels from cyclic siloxane or cubic silsesquioxane with ,-nonconjugated dienes showed the extremely narrow distribution of mesh size in the gels. Further more, the mesh size of the gels could be controlled by the length of the ,-nonconjugated dienes used (Naga et al., 2006) . We also reported co-gelation of siloxane or silsesquioxane and ,-nonconjugated dienes to control the mesh size of these organic-inorganic hybrid gels precisely (Naga et al., 2007) . One of the next steps of this study should be modification and application development of the organic-inorganic hybrid gel.
We focused on concept of interpenetrating polymer network (IPN) for the modification of the hybrid gel. The IPN is composed of two kinds of network structures which are entangled each other. The IPNs have been developed as one of the useful methods to compound the polymers which are immiscible. The IPN is also effective to add some functions and/or to improve its thermal and mechanical properties. Some kinds of gels have been developed based on the concept of the IPN. For example, a hydrogel prepared by in-site polymerization of acrylaminde within a crosslinked poly(2-acrylamide-2-methyl-1-propane sulfonic acid), so called "double network gel", which shows extraordinary strong mechanical properties (Gong, et al., 2003 (Gong, et al., , 2005 (Gong, et al., , 2007 . We came up with an idea to synthesize the organic-inorganic hybrid gel in the presence of liner polymers, namely semi-IPN gel. Well-defined network structure of the present organic-inorganic gel should be useful to develop the semi-IPN gels with functionalities derived from the linear polymer. For a preliminary examination, we selected atactic-polystyrene (PS) as a linear polymer. PS is soluble in kinds of organic solvents which do not poise the Pt catalyst used to synthesize the present organic-inorganic hybrid gel. In this basic study, we conducted a hydrosilylation reaction of TMCTS with HD or DD in the presence of PS to form the semi-IPN gels in toluene, which is a good solvent for PS, as shown in Scheme 1. The semi-IPN gels with PS were also prepared in cyclohexane, which is a poor solvent for PS. The network structure of the resulting semi-IPN gels was investigated by SMILS to study the effects of the solvent, molecular length of dienes, concentration & molecular weight of PS, or temperature on the network structure. Scheme 1. Synthesis of organic-inorganic hybrid semi-IPN gels by means of a hydrosilylation reaction of TMCTS with HD or DD in the presence of PS.
Method

Materials
1,5-Hexadien (HD) and 1,9-decadiene (DD) (Tokyo Kasei Kogyo Co.) were dried over calcium hydride and distilled under nitrogen atmosphere before use. 1,3,5,7-Tetramethylcyclotetrasiloxane (TMCTS) (Chisso Co. Ltd.), illustrated in Scheme 1, were used without further purification. Platinum-divinyltetramethyldisiloxane complex (1) was purchased from Chisso Co. Ltd., and used without purification. Toluene and cyclohexane were dried over calcium hydride under refluxing for 6 h and distilled under nitrogen atmosphere before use. The platinum complex 1 was dissolved in distilled toluene or cyclohexane (0.6 mM), and stored under nitrogen atmosphere. PS samples were synthesized by anionic polymerization of styrene with n-butyllithium in cyclohexane at room temperature. Molecular weight and molecular weight distribution, determined with gel-permeation chromatography, of the obtained PS samples are as follows, PS1: M n = 15,000, M w /M n = 1.4, PS2: M n = 69,000, M w /M n = 1.2, PS3: M n = 347,000, M w /M n = 1.6.
Synthesis of the semi-IPN gels
The molar ratio of vinyl group in ,-nonconjugated diene to Si-H group in TMCTS was adjusted to 1.0. Molar ratio of diene to catalyst 1 was 5000 mol/mol in the reaction system.
2.2.1 Synthesis of TMCTS-HD semi-IPN gel in toluene (12 wt% gel containing 5.0 wt% of PS1)
In a sample tube of 4 mm diameter, PS1 10.1 mg, TMCTS 14.4 mg (0.06 mmol ) and HD 9.9 mg (0.12 mmol) were dissolved in a 155.0 μL of toluene. Then a 40.0 μL of toluene solution of the catalyst 1 (0.6 mM) was added and mixed at room temperature. It was placed without stirring, and the whitely nebulous gel was generated presently. The semi-IPN gels with other PS concentrations and higher molecular weight PS (PS2) were also synthesized by the same procedure.
2.2.2 Synthesis of TMCTS-HD semi-IPN gel in cyclohexane (12 wt% gel containing 0.1 wt% of PS3)
In a sample tube of 4 mm diameter, TMCTS 14.4 mg (0.06 mmol) and HD 9.9 mg (0.12 mmol) were dissolved in a 129.6 μL of cycloheaxne, and a 42.4 μL of 0.5 wt% cyclohexane solution of PS3 (0.17 mg) was added at a fixed temperature (28 or 40º C). Then a 42.4 μL of cyclohexane solution (0.6 mM) of the catalyst 1 was added and mixed (TMCTS + HD = 12.0 wt%, PS = 0.1 wt% in the reaction system). It was placed without stirring, and the whitely nebulous gel was generated presently. Synthesis of the semi-IPN gel with DD (TMCTS + DD = 10.0 wt%) was also synthesized by the same procedure.
Measurements
Quantitative determination of minute mesh size of the gels was performed with the scanning microscopic light scattering (SMILS) system (Furukawa et al., 2003 , which was developed for the detailed characterization of network structure in polymer gels. The SMILS system enables us to scan and measure the light scattering at many different positions in a gel, in order to rigorously determine a time-and space-averaged, i.e. ensemble-averaged, (auto-)correlation function of fluctuating mesh size in the gel. Analysis of the ensemble-averaged function makes it possible to quantitatively characterize the mesh-size distribution of network structure in the gel. Scanning measurement was performed at more than 25 points on a sample to determine ensemble-averaged dynamic structure factor. The determined correlation function was transformed to the distribution function of relaxation time by using numerical inversed Laplace transform calculation. A few peaks of relaxation modes were observed in the distribution function in the present types of organic-inorganic hybrid gels (Naga et al., 2006) . Based on the observation of scattering-angle, q, dependence of the relaxation modes, all the observed modes usually have q 2 -dependence, which correspond to translational diffusion. In the following, all the results were determined at the scattering angle fixed at 90º . The observed modes, as assigned to the cooperative diffusion of gel network, were used for the determination of radius of mesh (mesh size) (; m) with Einstein-Stokes formula. ), scattering angle (90º ), viscosity coefficient of solvent at the measured temperature, wave length of incident ray (6.328×10 -7 m), respectively.
Mechanical properties of the gels were investigated by compression test with Tensilon RTE-1210 (ORIENTEC Co. LTD.). The test samples were cut to 1 cm cube, and pressed at a rate of 0.5 mm/min at room temperature.
Results and Discussion
TMCTS/,-nonconjugated diene-PS semi-IPN gels In Toluene
Effect of PS Concentration on Network Structure of the Semi-IPN Gels
TMCTS/HD or DD-PS semi-IPN gels were synthesized in the presence of PS1 (M n = 15,000) in toluene. Effect of PS1 concentration in the semi-IPN gels on the network structure was studied by SMILS. Ensemble-averaged relaxation-time distribution as a function of the relaxation time of the TMCTS/HD-PS semi-IPN gels is shown in Figure 1 , and the results are summarized in Table 1 . A structure model of TMCTS/HD-PS semi IPN gel is shown in Scheme 2. The peak at the fast relaxation time at around  R = 10 -6 s is derived from the mesh of TMCTS/HD network about 1.6-2.1 nm as detected in the gel without PS (Run 1), as shown in Scheme 2 (a). The relaxation peak was detected at around  R = 10 -2 s corresponding to the size of 1100-1300 nm in the semi-IPN gels containing 2.5 and 5.0 wt% of PS-1. These relaxation peaks should be derived from the clustered PS chains, as shown in Scheme 2 (c). In the semi-IPN gel containing 2.5 wt% of PS1, another relaxation peak was observed at  R = 8.8×10
-5 s corresponding to the size of 90 nm. The relaxation peak was not detected in the semi-IPN gels containing 5.0 wt% of PS1. This phenomenon should be derived from lightly clustered PS chains, termed "transition network" concerned with overlapping concentration (C*), as shown in Scheme 2 (b) (Simha et al., 1960; de Gennes, , 1979 , and we shall return to this subject later. Figure 2 shows the ensemble-averaged relaxation time distribution as a function of the relaxation time of the TMCTS/DD-PS semi-IPN gels, and the results are summarized in Table 2 . The relaxation peaks observed at around  R = 6-10×10 -6 s were derived from the mesh of TMCTS/DD network about 1.1-1.6 nm. The relaxation peaks at around  R = 1.5-2.1×10 -2 s, which corresponded to the size about 3000 nm, were observed in the semi-IPN gels containing 0.5 and 2.5 wt% of PS1. The peak was also observed in TMCTS/DD gel without PS, as shown in Figure 2 (a). The relaxation peak should be derived from large defects in the network structure, which was formed by intramolecular cyclization or www.ccsenet.org/ijc International Journal of Chemistry Vol. 8, No. 1; entanglement of long flexible DD, as previously reported. A relaxation peak detected at  R = 2.1×10 -4 s, which corresponds to the size of 37 nm, in the semi-IPN gels containing 5.0 wt% of PS-1 should be derived from the transitional network of PS chains as observed in the TMCTS/HD-PS1 semi-IPN gel. The semi-IPN gel containing 5.0 wt% of PS1 also showed a relaxation peak at  R = 4.3×10 -3 s. The relaxation peak corresponds to the size of 770 nm, and would be derived from the clustered PS chains. 
Effect of Molecular Weight of PS on the Network Structure
Effect of molecular weight of PS on the network structure of the semi-IPN gel was studied by SMILS. We prepared the semi-IPN gels containing 0.5 wt% of high molecular weight PS, PS2 M n = 69,000 (Runs 19 and 24). The ensemble-averaged relaxation time distributions as a function of the relaxation time of TMCTS/HD-PS2 and TMCTS/DD-PS2 semi-IPN gels are illustrated in Figure 1 (e) and Figure 2 (e), respectively. In the case of the TMCTS/HD-PS2 semi-IPN gel, a broad relaxation peak derived from the transitional network of clustered PS chains was observed at around  R = 2.7×10 -4 s corresponding to the size of 48 nm. Furthermore, the relaxation peak derived from the mesh of TMCTS/HD network at around  R = 5.8×10 -6 s, corresponding to the size of 1.0 nm, became broad in comparison with that of the semi-IPN gel containing low molecular weight PS1, as shown in Figure 1 (b) . These phenomena were also observed in the relaxation time distributions as a function of the relaxation time of the TMCTS/DD-PS2 semi-IPN gels, as shown in Figure 2 (e). In addition, the mesh size of the TMCTS/DD network in the semi-IPN gel containing PS2 (0.83 nm) was smaller than that of the corresponding gel containing PS1 (1.55 nm).
We can then go on to consider the network model of the semi-IPN gels in toluene base on the observations of the relaxation peaks of both the TMCTS/,-nonconjugated diene and PS chains. The relaxation peaks derived from the transitional network or the clustered PS chains were detected in both the TMCTS/HD-PS and TMCTS/DD-PS semi-IPN gels by SMILS analysis. The transition network would be formed by lightly clustered PS chains (Scheme 2 (b)) when the concentration of PS is around the overlapping concentration (C*). This state should correspond to the TMCTS/HD-PS semi-IPN gels containing 2.5 wt% of PS1 and 0.5 wt% of PS2, Figures 1 (c) and (e), and the TMCTS/DD-PS semi-IPN gels containing 5.0 wt% of PS1 and 0.5 wt% of PS2, Figures 2 (d) and (e). Further aggregation of the transition networks would form larger cluster (Scheme 2 (c)), as detected in Figure 1 (c) and Figure 2 (d). In the case of the TMCTS/HD-PS semi-IPN gel, the relaxation peaks derived from the transition network and clustered PS chains were detected in the semi-IPN gels containing low concentration of PS1 (2.5 wt%). Whereas, these relaxation peaks were not detected in the corresponding TMCTS/DD-PS semi-IPN gel containing 2.5 wt% of PS1. The difference would indicate that the PS chains may cluster easier in the semi-IPN gel with HD than in that with DD.
Clear correlation was not observed between the mesh size derived from TMCTS/HD network and the concentration or molecular weight of PS in the semi-IPN gels. On the other hand, the mesh size derived from TMCTS/DD network slightly decreased with increasing of the PS concentration. Increase of the molecular weight of PS decreased the mesh size of the TMCTS/DD network in the same way. These results can be explained by a following model, as shown in Scheme 3. Some part of PS chains would penetrate into the TMCTS/DD network or entangle with the TMCTS/DD mesh during formation process of the semi-IPN gel. After the gelation, the aggregation of PS chains may decrease the mesh size of the TMCTS/DD network. The aggregation would be accelerated by increasing of the concentration and molecular weight of PS. 
TMCTS/,-nonconjugated diene-PS semi-IPN gels in Cyclohexane
Effect of Temperature on Network Structure of Semi-IPN Gels
The TMCTS/HD or DD-PS semi-IPN gels containing 0.1 wt% of PS3 were also synthesized in cyclohexane, which is a poor solvent for PS. PS3 was used in this experiment, because the sample showed UCST at 34º C in cyclohexane. The UCST is a little higher than room temperature and convenient to investigate the effect of the temperature on the network structure of the semi-IPN gels by SMILS. The TMCTS/HD-PS3 semi-IPN gel was prepared at 40º C, and the network structure of the resulting semi-IPN gel was traced with SMILS on the cooling process. The ensemble-averaged relaxation-time distributions as a function of the relaxation time are shown in Figure 3 , and the results are summarized in Table 3 . The relationship between the temperature and mesh size of the TMCTS/HD-PS3 semi-IPN gel is shown in Figure 4 . In the SMILS analysis of the TMCTS/HD-PS3 semi-IPN gel at 40º C, a relaxation peak was detected at  R = 5.2×10 -6 s corresponding to 1.2 nm of size. This size was close to that of the mesh size of the TMCTS/HD gel (1.1 nm) prepared without PS. The size derived from the TMCTS/HD mesh increased with decreasing of the temperature over the UCST (> 34º C). There was a rapid decrease in the mesh size below the UCST. Another relaxation peak was detected at around  R = 10 -4 -10 -3 s corresponding to the size of 900-2300 nm derived from the large clustered PS chains. The size was almost fixed about 2000-2300 nm independent of the temperature over the UCST (40-34 º C). The relaxation peak also rapidly sifted to short time at around  R = 10 -4 -10 -3 s corresponding to the size of 930-980 nm, and its intensity drastically decreased below the UCST (< 32 º C). The TMCTS/DD-PS3 semi-IPN gel was also prepared at 40º C, and the network structure of the semi-IPN gel was investigated with SMILS on the cooling process. The ensemble-averaged relaxation-time distributions as a function of the relaxation time are shown in Figure 5 , and the results are summarized in Table 4 . The relationship between the temperature and mesh size of the TMCTS/DD-PS3 semi-IPN gel is also plotted in Figure 4 . In the ensemble-averaged relaxation-time distribution acquired at 40º C, a relaxation peak was detected at  R = 5.8×10 -6 s corresponding to 1.1 nm www.ccsenet.org/ijc
International Journal of Chemistry Vol. 8, No. 1; derived from the TMCTS/DD mesh. The mesh size slightly increased with decreasing of the temperature over the UCST (34º C), whereas it returned to the original size below the UCST. Another relaxation peak was detected at slow relaxation time at around  R = 10 -4 s corresponding to the size about 80 nm derived from the transition network over the UCST, and the size increased to 710-870 nm below the UCST (30, 29º C). The result indicates that aggregation of the transition network would form the clustered PS chains under the UCST. Figure 5 . Ensemble-averaged relaxation-time distributions as a function of the relaxation time of TMCTS/DD-PS3 semi-IPN gel prepared at 40º C on the cooling process. Table 4 We are now ready to consider the effect of the temperature on the network structure of the semi-IPN gels on the cooling process. In the case of the TMCTS/HD-PS3 semi-IPN gel, a relaxation peak corresponding to the size about 2000 nm derived from the large clustered PS chains was detected over the UCST. When the temperature dropped below the UCST, the semi-IPN gel became muddy due to the insolubility of the PS chains, and which would gather with the TMCTS/HD network. A part of PS chains would form clusters about 1000 nm.
Cooling
In the case of TMCTS/DD-PS3 semi-IPN gel, the clustered PS chains formed the transition network about 100 nm over the UCST. The transition networks would gradually aggregate with decreasing the temperature over the UCST. When www.ccsenet.org/ijc International Journal of Chemistry Vol. 8, No. 1; the temperature dropped below the UCST, the size drastically increased due to the acceleration of the aggregation of the transition networks to form the clustered PS chains.
The size of small mesh derived from both the TMCTS/HD and TMCTS/DD networks slightly increased with decreasing of the temperature over the UCST. When the temperature dropped below the UCST, the mesh size returned to almost the original size at prepared temperature (40º C). The temperature dependence of the mesh size was observed only in the semi-IPN gels. Although the mechanism has not cleared yet, the interaction between the network and PS chains should induce the phenomena.
Mechanical Properties of the Semi-IPN gels
The mechanical properties of the semi-IPN gels prepared in toluene were investigated by the compression test. Stress-strain curves of TVMCTS/HD, DD-PS1 gels, and TVMCTS/HD, DD gels for reference, are shown in Figure 6 . Young's modulus, breaking stress, and breaking point, of the prepared gels are summarized in Table 5 . Although all the gels were fragile, the semi-IPN gels showed higher Young's modulus and breaking stress than the gels without PS1. The PS in the network structure of the gels should enhance the mechanical properties of the gels. The TMCTS/HD or DD-PS semi-IPN gels were successfully synthesized by means of a hydrosilylation reaction using a Pt catalyst, and network structure of the semi-IPN gels was quantitatively investigated by SMILS. Features of the solvent and molecular length of the ,-nonconjugated dienes strongly affected the network structures of the resulting semi-IPN gels. The following phenomena were cleared by the structure analysis of the semi-IPN gels by SMILS. In the case of the semi-IPN gels in toluene, the transition network or cluster of PS chains was formed in the semi-IPN gels containing high concentration or high molecular weight PS. These structures derived from PS chains were easily formable in the semi-IPN gels with DD. In the case of the semi-IPN gels in cyclohexane, the transition networks or clustered PS chains were detected in the semi-IPN gels containing low concentration, 0.1 wt%, of PS chains. In the semi-IPN gels with HD, a relaxation peak derived large clustered PS chains about 2000-3000 nm size was detected in the SMILS analysis over the UCST. On the other hand, the SMILS analysis of the semi-IPN gels with DD indicated that the existence of the transition networks about 75-150 nm size. The PS chains in the semi-IPN gels in cyclohexane were educed below the UCST, and formed relatively small clustered structure about 710-870 nm. These results indicate that PS chains can be aggregated easier in the semi-IPN gels with HD than those with DD. The PS chains would penetrate into the TMCTS/DD network or entangle with network in the TMCTS/DD-PS semi-IPN gel due to the large mesh size www.ccsenet.org/ijc International Journal of Chemistry Vol. 8, No. 1; of the TMCTS/DD gel, as previously reported. The PS chains in the semi-IPN gels were effective to improve the mechanical properties of the hybrid gels.
The fundamental studies of semi-IPN gel composed of multi-functional siloxane and ,-nonconjugated dienes by means of a hydrosilylation reaction in the presence of a linear polymer should be useful for the application of the functionalized organic-inorganic hybrid gel. Developments of the organic-inorganic hybrid semi-IPN gels with photo-function, electrical-function, or excellent mechanical property are now proceeding, and the results will be reported elsewhere.
